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Cable domes have been employed as lightweight, large span roofs. In this paper, several new forms of cable domes are
ﬁrst presented and their geometric feasibility is discussed. A general method, referred to as the DSVD, is next proposed for
the determination of the integral prestress modes for various cable domes. Optimum prestressing of domes with a single or
with multiple integral prestress modes is also examined. The proposed method is veriﬁed through numerical simulations,
and is believed to provide a helpful tool in the preliminary design of cable domes.
 2006 Elsevier Ltd. All rights reserved.
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The cable dome was ﬁrst proposed by Geiger and ﬁrst employed in the roofs for the Olympic Gymnastics
Hall and the Fencing Hall in Seoul (Geiger, 1986). Due to their innovative forms and lightweight, cable domes
have become popular as roofs for structures including arenas, stadiums and sport centers over the past two
decades. Well-known cable domes also include the Redbird Arena and the Suncoast Dome in the United
States, the La Plata Stadium in Argentina, and the Tao-Yuan County Arena in Taiwan, China. The largest
existing cable dome is the Georgia Dome (Levy and Matthys, 1994; Terry and Wesley, 1994) designed for
the Atlanta Olympics in 1996.
A typical cable dome consists of ridge cables, diagonal cables, hoop cables, vertical struts, an inner tension
ring and an outer compression ring. To ensure the structural feasibility, continuous cables are often subjected
to tension and individual struts subjected to compression. The rigidity of the dome is a result of self-stress
equilibrium between cables and struts.
Application of cable domes in the construction ﬁeld requires innovations in structural form and analysis of
structural performance. A study conducted by Hanaor (2002) indicated that the main load-bearing com-
ponents of the dome are the compression ring and the outer tension hoop cable. The vertical distance between
these two components constitutes the structural depth, which largely dictates the structural eﬃciency.0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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* Corresponding author.
E-mail address: yuanxf@zju.edu.cn (X. F. Yuan).
2774 X. F. Yuan et al. / International Journal of Solids and Structures 44 (2007) 2773–2782A similar conclusion was drawn by Kawaguchi et al. (1999) in an optimization study of a full-scale cable dome
to maximize its stiﬀness; their results showed that the optimum shape of the dome depend greatly on the length
of the outermost posts. Fu and Lan (2002) and Fu (2005) proposed several new types of cable domes with
diﬀerent geometric grids and compared the structural behavior of the Georgia Dome with that of their pro-
posed domes. Special structural forms for cable domes were also proposed by Rebielak (2000) and Kardysz
et al. (2002). Strictly speaking, the proposed forms do not fall into the category of cable domes composed
of continuous tension cables and individual compression struts, because rigid bars are connected to each other
in these forms.
Research on structural performance includes prestress design, load analysis and control of the construction
process. Among them, prestress is the most important factor which greatly inﬂuences the structural behavior.
A considerable amount of work has been carried out on the prestress design of cable domes. In Hanaor’s
(1988) work, a uniﬁed method for the analysis and the prestress design of prestressable structures was pro-
posed based on the ﬂexibility method. The work by Pellegrino and Calladine (1986); Calladine and Pellegrino
(1991); Pellegrino (1993) should also be noted. Their work indicated that in the geometric analysis of such
structures, the independent self-stress modes as well as the independent displacement modes can be calculated
by the singular value decomposition (SVD) technique. Recently, Yuan and Dong (2002, 2003) proposed the
concept of feasible integral prestress modes considering the inherent geometric symmetry of cable domes.
However the proposed concept is eﬀective only for domes with a single integral prestress mode, and cannot
be applied to a dome with multiple feasible integral prestress modes. It is therefore necessary to establish a
general method to determine the distribution of initial prestress for diﬀerent types of cable domes.
The paper is concerned with form innovations and prestress design of cable domes. The layout of the paper is
as follows. In Section 2, new forms of cable domes are proposed to complement existing forms and their geo-
metric feasibility is discussed. In Section 3, a general method, referred to as the DSVD method, is proposed
to determine the integral prestress distribution of cable domes. Optimum prestress design is then examined in
Section 4 for domes with a single andmultiple integral prestress modes respectively. Numerical results show that
the proposed method can eﬀectively determine the optimum prestress distributions for domes of diﬀerent forms.
2. Cable domes of new forms
Form innovations are to create new forms of structures with improved structural behavior, which is a major
issue in the development of all forms of structures. Similarly, to accelerate the development of cable domes,
form innovations are important. To date, about ten cable domes have been built, and they are of two distinct
forms. One is that developed by Geiger (1986), named as the Geiger form, and the other is that developed by
Levy and Matthys (1994) and named as the Levy form. The representative projects of the two forms are the
roof structures of the Gymnastics Arena constructed for the 1988 Seoul Olympics and the Georgia Dome con-
structed for the 1996 Atlanta Olympics respectively. The major diﬀerence between the Geiger form and the
Levy form lies in the layout of the ridge cables. In the Geiger form, the ridge cables are radially oriented,
so the roof is divided into many wedge-shaped basic units in plan. To tension the membrane, some valley
cables are also provided in each panel between ridge cables. However, in the Levy form, the ridge cables form
a triangular pattern. The roof surface is then primarily comprised of quadrilateral anticlastic membrane panels
connected at ridge cables. The triangulation of the ridge cables improves the stability of the dome when sub-
jected to asymmetric loads, which is an important advantage over the Geiger form. In addition, it facilitates
the application of cable domes over an elliptical plan shape.
To enrich the structural forms of cable domes, several new forms including the Kiewitt form, the hybrid
forms and the birds’ nest form are proposed herein (Figs. 1–4). Among them, the Kiewitt form has its inspi-
ration in the lamella latticed shell developed by Kiewitt (1960) which has been widely used in practice. The
hybrid forms combine diﬀerent forms to utilize their respective advantages. Both the Kiewitt form and the
hybrid forms are of the triangulated net type, but signiﬁcant diﬀerences exist between them in the layout of
ridge cables. In the Kiewitt form, the circular plan is divided into several sectors and each sector is subdivided
by two-way ridge cables diagonally into a rhombus-shaped pattern, with each rhombus being of the same size.
In hybrid form I, radially distributed ridge cables are additionally introduced to the wedge-shaped plan pat-
tern of the Levy form. In hybrid form II, the inner ridge cables are arranged according to the Levy form but
Fig. 2. Hybrid I form.
Fig. 3. Hybrid II form.
Fig. 1. Kiewitt form.
Fig. 4. Birds’ nest form.
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expected to have a similar size for each basic unit. The birds’ nest form is another new form inspired by
the National Stadium of China in Beijing constructed for the 2008 Olympics. Its conﬁguration is characterized
by a large central opening with its edge being formed by the inner circular cables. With the uncovered opening,
the birds’ nest form is suitable for roofs with a large central opening. If a non-circular plan shape such as an
elliptical or rectangular plan shape needs to be covered, diﬀerent forms can be adopted in diﬀerent regions.
In addition, the surface covering of the dome is another important topic. Clad with tension membrane,
cable domes built to date are usually translucent, allowing natural light to enter the roofed area and creating
the impression of an outdoor environment. However, use of membrane as cladding requires form ﬁnding anal-
ysis, cutting and tension technology, which makes the structure more expensive in terms of both material and
construction costs. Since most of the new forms proposed here have the advantage of nearly even distribution
of ridge cables, the use of rigid rooﬁng material is possible. Compared with membrane, a rigid rooﬁng material
can be assembled on the construction site relatively easily and rapidly, leads to cost savings. Therefore, the
adoption of a rigid material as roof cladding is expected to broaden the scope of application of cable domes
in practice.
The feasibility of the new forms of cable domes is examined. Matrix analysis shows the geometrical forms
of these domes satisfy the self-stressing criterion; that is, the matrix of equilibrium of these domes is singular in
the case of non-zero self-stressing. The geometric stability of these new forms of cable domes is also studied
using the method proposed by Pellegrino and Calladine (1986) and Yuan and Dong (2003). The behavior of
these domes under external loading will be further investigated.
3. DSVD method
In the classiﬁcation of structures, cable domes belong to the class of indeterminate systems. Once the initial
geometry is determined, inﬁnitesimal mechanisms and independent self-stress modes can be numerically
obtained by performing singular value decomposition on the initial equilibrium matrix. The initial prestress
state is a linear combination of independent self-stress modes. Since the initial prestresses impart stiﬀness into
the dome, it is the most important factor that aﬀects the behavior of cable domes.
Before the DSVD method is introduced, the terminology relating to the concept of prestressing is clariﬁed.
Three modes are deﬁned as follows.
1. The independent self-stress mode T: a mode directly obtained from the singular value decomposition of the
equilibrium matrixA. It only satisﬁes the equilibrium condition, that is, At = 0.
2. The integral prestress mode X: a mode obtained from the independent self-stress mode by considering the
special conﬁguration of the dome. It not only satisﬁes the equilibrium condition but also the condition of
symmetry possessed by the geometric shape of the cable dome.
3. The feasible integral prestress mode: a linear combination of the integral prestress modes, which satisﬁes the
condition that cables are subjected to tension while struts are subjected to compression.
Prestress design of cable domes is to ﬁnd the optimum feasible integral prestress mode to ensure the safety
of the dome under the given loads. It consists of two steps. The ﬁrst step is to determine the integral prestress
modes using the general method introduced in this section. The second step is to obtain the optimum prestress
distribution based on the available integral prestress modes, as introduced in the next section. Since the
method of singular value decomposition (SVD) is applied double in determining the integral prestress
distribution, this procedure is referred to as the DSVD method.
The ﬁrst application of the SVD method is on the equilibrium matrix A to obtain the independent self-stress
modes Ti (Pellegrino, 1993).
Considering an arbitrary assembly composed of a total of N unconstrained joints and b bars, the equilib-
rium equation can be written as follows:At ¼ F ð1Þ
where, A is the 3N by b equilibrium matrix, t is the vector of b stresses, and F is the vector of 3N external loads.
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According to SVD of the equilibrium matrix A, there exists a 3N by 3N orthogonal matrix
U ¼ u1    ui    u3N½ , a b by b orthogonal matrix V ¼ v1    vi    vb½ , and a 3N by b matrix
D with r positive diagonal elements dii (i = 1, . . . ,r) and zeros for all other elements.
The SVD of matrix A can then be expressed asA ¼ UDV T ð3Þ
where, r is the rank of A, the coeﬃcients dii are the singular values of A, the vectors ui and vi are the ith left
singular vector and the ith right singular vector respectively.
Since the following equation is satisﬁed:Avi ¼ 0 ði ¼ r þ 1;    ; bÞ ð4Þ
vi is the ith independent self-stress mode, usually denoted by Ti. The number of independent self-stress modes
is s = b  r.
The integral prestress mode can then be expressed as a linear combination of independent self-stress modes:X ¼ T 1a1 þ T 2a2 þ    þ T sas ð5Þ
where ai is a set of participation coeﬃcients of the self-stress modes.
Based on the geometric symmetry of a cable dome, members at similar positions are considered to belong to
the same group and have the same prestressing force. If a dome has n groups of members, X can then be writ-
ten asXb1 ¼ x1 x1 x1    xi xi xi    xn    xnf gT
¼
1 0 0 0 0
..
.
1 0 ..
. ..
.
..
. ..
.
1 0 0
0 0 0 1 ..
.
..
. ..
. ..
.
0 1
2
666666664
3
777777775
bn
x1
..
.
xi
..
.
xn
8>>>><
>>>>:
9>>>>=
>>>>;
n1
¼ e1    ei    en½  x1    xi    xnf gT
ð6Þwhere, xi is the prestress of members in the ith group, ei is the base vector of member forces composed of a unit
stress in the ith group and zero in the other (n  1) groups.
Eq. (5) can be re-arranged into the following form:T 1a1 þ T 2a2 þ    þ T sas þ ðe1x1Þ þ    ðeixiÞ    þ ðenxnÞ ¼ 0: ð7Þ
Furthermore, Eq. (7) can be re-written in a matrix form:eT ~a ¼ 0 ð8Þ
where eT is a b by (s + n) matrix denoted as eT ¼ T 1 T 2 T i    T s e1 e2    en½ , ~a is the vector
of (s + n) elements, denoted as ~a ¼ a1 a2 a3    as x1 x2    xnf gT.The second application of SVD
is on matrix eT and this leads toeT ¼ U 0D0V 0T ð9Þ
The signiﬁcance of matrices U 0, D 0 and V 0 are the same as that of matrices U, D and V described above.
If the rank of eT is r 0, then the following equation can be obtained:
eT v0i ¼ 0 ði ¼ r0 þ 1; . . . ; sþ nÞ ð10Þ
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the dome is s 0 = s + n  r 0. The column vectors from s + 1 to s + n of ~a are the initial prestresses of members
in n groups which satisfy the condition that the members in the same group have the same prestressing force.
For a dome with a single integral prestress mode X1(s
0 = 1), if this mode automatically satisﬁes the condi-
tion of cables in tension and struts in compression, it is also a feasible integral prestress mode. Otherwise, the
dome is unprestressable because no feasible integral prestress mode exists. For a dome with more than one
integral prestress mode X1, . . . Xi(s
0 = i, i > 1), a linear combination of these modes expressed as
X1b1+  +Xibi should be adopted to obtain the feasible integral prestress mode, where bi is a set of partici-
pation coeﬃcients of the integral prestress modes. For a cable dome subjected to given loads, optimum fea-
sible integral prestress design is necessary to obtain an economical structure. This optimization issue is
examined in Section 4.
The integral prestress modes of three domes of diﬀerent forms are calculated as follows by the proposed
DSVD method and the validity of the proposed method is demonstrated.
Example 1. A Geiger dome with two hoops (Fig. 5) is composed of 156 members. There are 36 struts and 120
cables in this dome. The total number of nodes is 84, out of which 72 nodes have no constraints. According to
the symmetry of the dome, the members can be divided into 13 groups. A single independent self-stress mode
T1 can be obtained from the SVD of the equilibrium matrix A. Since it automatically satisﬁes the condition of
cables in tension and struts in compression, it is the feasible integral prestress mode at the same time, as listed
in Table 1.Example 2. A Levy dome as shown in Fig. 6 is composed of 121 members. There are 19 struts and 120 cables in
this dome. The total number of nodes is 44, out of which 38 nodes have no constraints. According to the sym-
metry of the dome, the members are divided into 15 groups and seven independent self-stress modes T1  T7
are available from the SVD of the equilibrium matrix A. The single feasible integral prestress mode can be
obtained from the SVD of eT , as listed in Table 2. It is also the integral feasible prestress of the dome since
it satisﬁes the condition of cables in tension and struts in compression.
Example 3. A Kiewitt dome with two hoops (Fig. 7) is composed of 145 members. There are 19 struts and 126
cables in this dome. The total number of nodes is 56, out of which 38 nodes have no constraints. According to
the symmetry of the dome, the members are divided into 18 groups. The rank of the equilibrium matrix is 114,
and the number of independent self-stress modes Ti is 31. By the SVD of eT , four modes of integral prestress0.000
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Fig. 5. Perspective and elevation view of a Geiger dome.
Table 1
Single integral prestress mode of a Geiger dome
Group no.
1 2 3 4 5 6 7
Prestress 0.03 0.44 0.22 0.09 0.66 0.34 0.20
8 9 10 11 12 13
Prestress 1.0 0.5281 0.42 0.63 0.95 0.84
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Fig. 7. Perspective, elevation view and member group of a Kiewitt dome.
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Fig. 6. Perspective and elevation view of a Levy dome.
Table 2
Single integral prestress mode of a Levy dome
Group no.
1 2 3 4 5 6 7 8
Prestress 1.00 1.05 0.48 1.28 0.65 0.36 0.66 4.54
9 10 11 12 13 14 15
Prestress 2.31 1.07 1.67 23.64 18.98 5.85 8.48
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struts in compress, the feasible integral prestress should be determined by a linear combination of the four
modes of integral pretress. For a dome subjected to external loads, it also involves the problem of optimum
prestress design, as studied in Section 4.4. Optimum prestress design
Introducing prestresses is important for a cable dome because slack cables have no stiﬀness. The level of
prestress will not only aﬀect the geometric conﬁguration, but also determine the bearing capacity. In general,
Table 3
Cross-sections and multiple integral prestress modes of a Kiewitt dome
Group no.
1 2 3 4 5 6 7 8 9
Area (mm2) 0.00726 0.00726 0.00726 0.00726 0.00726 0.00726 0.012 0.0122 0.00726
X1 0.00537 0.13391 0.15171 0.02416 0.06294 0.12782 0.13804 0.02837 0.04655
X2 0.10320 0.05343 0.18287 0.07584 0.09113 0.02037 0.17280 0.03562 0.05695
X3 0.02727 0.01827 0.01012 0.14128 0.21793 0.01434 0.00423 0.01171 0.15806
X4 0.00129 0.00163 0.00042 0.12822 0.16055 0.00203 0.00525 0.01473 0.19870
10 11 12 13 14 15 16 17 18
Area (mm2) 0.012 0.0122 0.00726 0.0122 0.00726 0.0122 0.00726 0.00726 0.00726
X1 0.04028 0.01633 0.06943 0.00271 0.00082 0.02731 0.02391 0.04342 0.02003
X2 0.03260 0.02412 0.00840 0.05220 0.01580 0.03419 0.03099 0.05435 0.03711
X3 0.02191 0.00995 0.03145 0.01380 0.00418 0.00084 0.12622 0.00133 0.00568
X4 0.00101 0.00055 0.00087 0.00065 0.00020 0.00104 0.15870 0.00165 0.00021
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the ease of construction.
To obtain the most economical dome, the minimum prestress level is often treated as the objective function
in an optimum prestress design process. Here, all constraints are based on the assumption of a steel structure.
Though a dome can remain stable even if some cables become slack and/or some struts are subjected to ten-
sion, it should be noted that the stress constraints of cables in tension and struts in compression are always
imposed during the process of optimum design, for the sake of safety.
4.1. Optimal prestress design of domes with a single integral prestress mode
For a cable dome with a single integral prestress mode, the objective function for the optimization of pre-
stresses can be expressed as follows:F ¼ X 1c ð11Þ
where X1 is the single integral prestress mode obtained by the DSVD method and c is the parameter of pre-
stress level.
To obtain the most economical dome, the optimization issue in this analysis can be written asMinimize F ¼ X 1c ð12Þ
Subject to :0 < rcable < ½rcable ð13aÞ
 /½rstrut < rstrut < 0 ð13bÞ
uj 6 ½uj ð14ÞEqs. (13) and (14) express the stress constraints and the displacement constraints. [r]cable is the allowable
stress of cables, [r]strut is the allowable stress of struts, / is the stability knock-down factor for struts, and
[u]j is the allowable nodal displacement.
From Eq. (12), the optimal prestress design of cable domes with a single integral prestress mode can be
transformed into an optimization problem with a single variable c. A one-dimensional searching method
can be adopted.
4.2. Optimal prestress design of domes with multiple integral prestress modes
As described in Section 3, some domes of the proposed new forms have more than one mode of integral
prestress. The determination of the participation coeﬃcients is an optimization problem. Since the initial inter-
nal force of the outer hoop cable is always the largest, the smaller this force is, the easier and more economic
Table 4
Coeﬃcients of multiple integral prestress modes
Coeﬃcients b1 b2 b3 b4
2377.2 3202.3 972.0 397.4
Table 5
Optimum prestresses and ﬁnal forces of a Kiewitt dome (kN)
Group no. 1 2 3 4 5 6 7 8 9
Optimum prestress 369.24 164.34 234.96 99.06 290.24 251.74 875.31 198.74 60.42
Final force 1.73 0.70 25.43 0.45 187.69 77.78 1138.21 255.48 120.53
10 11 12 13 14 15 16 17 18
Optimum prestress 221.04 125.53 168.39 186.78 56.54 173.17 341.83 275.31 65.59
Final force 226.25 129.86 165.01 94.14 28.48 225.69 410.53 358.05 73.19
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function:minize F ðb1; b2;    bS0 Þ ¼ T och ¼
Xs0
j¼1
voch;jbj ð15Þwhere s 0 is the number of integral prestress modes, voch,j is the prestress of the outer hoop cable in the jth mode
of integral prestress, and bj is the participation coeﬃcient of the jth mode of integral prestress.
The Kiewitt dome described in Section 3 is still taken as an example to illustrate the optimum prestress
design of domes with multiple integral prestress. The elastic modulus of cables and struts are
1.85 · 108 kN/m2 and 2.06 · 108 kN/m2 respectively. The allowable stress of cables is 5.58 · 105 kN/m2,
assumed to be 30% of their rupture stress. The allowable stress of struts is 2.15 · 105 kN/m2. The maximum
displacement is restricted to 1/250 of the span. The dome is subjected to a uniformly distributed vertical load
q = 0.5 kN/m2. The cross-sections and integral prestress modes obtained using the DSVD method are listed in
Table 3. Taking the prestress of the outer hoop cable as the objective function and employing the modiﬁed
simplex method, the optimal coeﬃcients bi are obtained and listed in Table 4. The optimum prestress of
the dome can then be obtained by multiplying the four integral prestress modes listed in Table 3 by the coef-
ﬁcients listed in Table 4; the results are given in the row of ‘‘optimum prestress’’ in Table 5. The ﬁnal forces of
cables and struts under the given load can be obtained by nonlinear analysis, and are listed in the row of ‘‘ﬁnal
force’’ in Table 5.
It can be seen from Table 5 that the forces of members in group 1, 2, and 4 are nearly zero, which indicates
that the structure has reached its bearing capacity under the given load. This results also demonstrates that the
initial prestress distribution is the optimum prestress distribution for the dome subjected to the given load.
Additionally, the maximum displacement of 17.3 mm is much lower than 1/250 of the span, which indicates
that the global stiﬀness of the dome is large.
It should be mentioned that the optimal prestress distribution given in Table 5 is only suitable for this dome
subjected to the given load. In practical design, optimum prestress design should consider diﬀerent load cases.
In addition, due to the importance of cables, the initial forces of cables should be always designed to increase
as the external loads increases to avoid the appearance of slack cables when the dome is in service.5. Conclusions
This paper has provided an introduction to existing forms of cable domes and then proposed four new
forms of cable domes. These new forms enrich the structural forms of cable domes and can be employed
to suite diﬀerent plan shapes. In order to determine the initial prestress distribution for the new forms of cable
2782 X. F. Yuan et al. / International Journal of Solids and Structures 44 (2007) 2773–2782domes, the DSVD method has been proposed and optimal prestress design has been investigated for domes
with a single and multiple integral prestress modes. Numerical results have revealed that it is eﬀective to deter-
mine the initial prestress distribution of cable domes.
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